The established method of screening for preeclampsia is to identify risk factors from maternal demographic characteristics and medical history; in the presence of such factors the patient is classified as high risk and in their absence as low risk. However, the performance of such an approach is poor. We developed a competing risks model, which allows combination of maternal factors (age, weight, height, race, parity, personal and family history of preeclampsia, chronic hypertension, diabetes mellitus, systemic lupus erythematosus or antiphospholipid syndrome, method of conception and interpregnancy interval), with biomarkers to estimate the individual patient-specific risks of preeclampsia requiring delivery before any specified gestation. The performance of this approach is by far superior to that of the risk scoring systems. OBJECTIVE: The objective of the study was to examine the predictive performance of the competing risks model in screening for preeclampsia by a combination of maternal factors, mean arterial pressure, uterine artery pulsatility index, and serum placental growth factor, referred to as the triple test, in a training data set for the development of the model and 2 validation studies. STUDY DESIGN: The data for this study were derived from 3 previously reported prospective, nonintervention, multicenter screening studies for preeclampsia in singleton pregnancies at 11 þ0 to 13 þ6 weeks' gestation. In all 3 studies, there was recording of maternal factors and biomarkers and ascertainment of outcome by appropriately trained personnel. The first study of 35,948 women, which was carried out between February 2010 and July 2014, was used to develop the competing risks model for prediction of preeclampsia and is therefore considered to be the training set. The 2 validation studies were comprised of 8775 and 16,451 women, respectively, and they were carried out between February and September 2015 and between April and December 2016, respectively. Patientspecific risks of delivery with preeclampsia at <34, <37, and <41
T he established method of screening for preeclampsia (PE) is to identify risk factors from maternal demographic characteristics and medical history; in the presence of such factors, the patient is classified as high risk and in their absence as low risk. 1, 2 The performance of this approach is poor 3e5 and, although it is simple, it does not quantify individual patient-specific risks.
An alternative way of screening is to use logistic regression models fitted to maternal characteristics and medical history alone or in combination with biomarkers to predict early, late, or all PE.
6e10 Such models are useful in quantifying the individual patient specific risk for PE, rather than just classifying women into high-and low-risk groups. However, they do not allow the flexibility of selecting different gestational age cutoffs for categorizing the severity of PE, they do not take into Original Research ajog.org account the fact that the deviation in biomarker levels from normal depends on the severity of the disease, and they cannot be easily expanded to include additional biomarkers measured at different stages in pregnancy.
We have developed a competing risks approach that allows combination of maternal factors with biomarkers to estimate the individual patient-specific risks of PE requiring delivery before any specified gestation. 11, 12 This is based on a survival-time model for the gestational age at delivery with PE, and it is assumed that if the pregnancy was to continue indefinitely, all women would develop PE and whether they do so or not before a specified gestational age depends on competition between delivery before or after the development of PE.
Based on model fit and ease of interpretation, a Gaussian model for gestational age at delivery was chosen. The effects of variables from maternal factors and biomarkers is to modify the distribution of gestational age at delivery with PE so that in pregnancies at low risk for PE, the gestational age distribution is shifted to the right with the implication that in most pregnancies delivery will actually occur before the development of PE.
In high-risk pregnancies, the distribution is shifted to the left, and the smaller the mean gestational age, the higher is the risk for PE. In 1 previous study of 120,492 singleton pregnancies undergoing screening at 11e13 weeks' gestation, we reported the development of the competing risks model based on maternal characteristics and medical history, including age, weight, height, race, parity, personal and family history of PE, chronic hypertension, diabetes mellitus, systemic lupus erythematosus or antiphospholipid syndrome, method of conception and interpregnancy interval. 3 In another study of 35,948 singleton pregnancies, we reported effective screening for preterm PE, with delivery at <37 weeks' gestation, by a combination of maternal factors with mean arterial pressure (MAP), uterine artery pulsatility index (PI), and serum placental growth factor (PLGF). 13 A limitation of the study was that the performance of screening by a model derived and tested using the same data set is overestimated. We used cross-validation to reduce this effect but suggested the necessity for external validation on independent data from different sources.
The objective of this study is to examine the predictive performance of the competing risks model in screening for PE with delivery <34 weeks (early-PE), <37 weeks (preterm-PE), and delivery at any gestation (all-PE) by maternal factors alone and a combination of maternal factors, MAP, UtA-PI and PLGF (triple test) in the training data set 13 for development of the model and 2 validation studies.
Materials and Methods

Study populations
The data for this study were derived from 3 previously reported prospective nonintervention screening studies at 11 þ0 to 13 þ6 weeks' gestation with a combined total of 61,174 singleton pregnancies, including 1770 (2.9%) that developed PE. 4, 13, 14 The first study comprised of 35,948 women attending for their routine first hospital visit in pregnancy at King's College Hospital and Medway Maritime Hospital (United Kingdom) between February 2010 and July 2014. 13 This data set was used to develop the competing risks model for the prediction of PE and is therefore considered to be the training set.
The second study, referred to as the screening quality study (SQS), comprised of 8775 singleton pregnancies undergoing first-trimester screening for PE, using the competing risks model developed in the first study, 13 in 12 maternity hospitals in England, Spain, Belgium, Italy, and Greece between February and September 2015.
14 This study was carried out before the Combined Multimarker Screening and Randomized Patient Treatment with Aspirin for Evidence-Based Preeclampsia Prevention (ASPRE) trial 15 and was primarily designed to examine the feasibility of multicenter screening and establish methods for quality assurance of the biomarkers, and the results from screening were not made available to the patients or their obstetricians.
The third study, referred to as Superior Province Rifting EarthScope Experiment (SPREE), was a multicenter cohort study in 16,451 women carried out in 7 National Health Service maternity hospitals in England between April and December 2016. 4 This study was specifically designed to examine the performance of screening by the algorithm established in the first study 13 in comparison with that of the method advocated by the National Institute for Health and Care Excellence (NICE); the results from screening by the competing AJOG at a Glance Why was this study conducted? To assess the predictive performance of the competing risks model for preeclampsia using the first-trimester triple test that combines maternal factors, mean arterial pressure, uterine artery pulsatility index, and serum placental growth factor.
Key findings
Results from 2 prospective multicenter validation data sets show that, with appropriately trained staff and quality control of measurement, preeclampsia, especially that leading to early delivery, can be predicted effectively using the triple test. These results are consistent with those obtained from the training data set.
What does this add to what is known?
The competing risks model provides an effective and reproducible method for first-trimester prediction of preeclampsia.
Original Research OBSTETRICS ajog.org risks model were not made available to the patients or their obstetricians.
In all 3 studies, women with singleton pregnancies in the participating hospitals had a routine examination at 11 þ0 to 13 þ6 weeks' gestation. This visit included first, recording of maternal characteristics and medical history, 3 ajog.org
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The measurements of MAP were carried out by health care assistants or sonographers who had received specific training for this purpose, and measurements of UtA-PI were performed by doctors or sonographers who had obtained the Fetal Medicine Foundation Certificate of Competence in Doppler ultrasound. In both validation studies, quality control was applied on a monthly basis to achieve consistency of measurement of biomarkers across different hospitals throughout the duration of the study.
The distribution of measurements of MAP and UtA-PI were reported to the coordinator who provided feedback and if necessary retraining of the personnel with large deviations from the expected values. Similarly, the laboratories were provided with diagnostics for PLGF measurements so that appropriate corrective actions could be undertaken. Gestational age was determined from the fetal crown-rump length. 18 The women gave written informed consent to participate in the studies, which were approved by the relevant research ethics committee in each participating hospital.
The inclusion criteria were singleton pregnancy undergoing first-trimester combined screening for PE and subsequently delivering a morphologically normal live birth or stillbirth at 24 weeks' gestation. We excluded pregnancies with aneuploidies and major fetal abnormalities and those ending in termination, miscarriage, or fetal death before 24 weeks' gestation.
Outcome measures were early-PE, preterm-PE, and all-PE. Data on pregnancy outcome were collected from the hospital maternity records or the general medical practitioners of the women. The obstetric records of all women with preexisting or pregnancy-associated hypertension were examined to determine whether the condition was PE, as defined by the International Society for the Study of Hypertension in Pregnancy. 19 This includes the finding of hypertension (systolic blood pressure of 140 mm Hg or diastolic blood pressure of 90 mm Hg on at least 2 occasions 4 hours apart developing after 20 weeks' gestation in previously normotensive women) and proteinuria (300 mg per 24 hours or protein to creatinine ratio 30 mg/ mmol or 2 þ on dipstick testing).
Statistical analysis
Patient-specific risks of delivery with PE at <34, <37, and <41 þ3 weeks' gestation were calculated using the competing risks model to combine the prior distribution of the gestational age at delivery with PE, obtained from maternal characteristics and medical history, with the multiple of the median values of MAP, UtA-PI, and PLGF. 3, 13 The performance of the screening for early-PE, preterm-PE, and all-PE by the triple test in each of the 3 data sets was assessed.
We examined the predictive performance of the model by first, the ability of the model to discriminate between the PE and no-PE groups and second, calibration, which assesses agreement between predicted risks and outcomes (for a well-calibrated model, among those women with a risk of 1 in n, the incidence should be 1 in n).
Discrimination was assessed by the area under the receiver-operating characteristic (AUROC) curve (this indicates perfect discrimination if the value is 1 and no discrimination beyond chance if the value is 0.5) and the detection rate (DR) at a fixed screen-positive rate (SPR) of 10%. Calibration was assessed visually The plots were produced by grouping the data into bins according to risk. The observed incidence in each group was then plotted against the incidence predicted by the model (ie, the mean risks within each group). Quantitative assessment of calibration was by recording of measurements of calibration in the large and calibration slope.
Calibration in the large is a measure of whether generally the risks are too high or too low. This is quantified by the estimated intercept from a logistic regression of incidence on the logit of risk with the slope fixed at 1. The intercept is a measure of the deviation of the observed incidence from the predicted. For perfectly calibrated risks, the intercept should be zero. If there is a general tendency for underestimation so that the observed incidence is larger than that predicted, the intercept will be positive.
Conversely, for overestimation, the intercept will be negative.
The calibration slope assesses the calibration across the range of risks and is the slope of the regression line of the logistic regression of incidence on the logit of risk. If the risk is well calibrated, then the slope should be 1.0. A slope less than 1 means that the relationship between risk and incidence is flatter than it should be. A calibration slope greater than 1 means the relationship is steeper than it should be.
The risks produced from our competing risks model are for delivery with PE before a specific gestation assuming no other cause for delivery. Because other cause deliveries are effectively censored observations, the actual incidence of PE would be expected to be lower than predicted. For early gestations, when there are few other cause deliveries, the effects would be small. At later gestations, with many other cause deliveries, the effect of censoring may be substantial. Consequently, we applied survival analysis (Kaplan Meier) to estimate the incidence of delivery with PE treating the deliveries from other causes as censored observations.
The statistical software package R was used for data analyses. 20 The package pROC was used for the receiveroperating characteristic curve analysis, and the package survival was used for survival analysis. 
Results
Maternal and pregnancy characteristics in the training set, SQS, and SPREE populations are provided and compared in Table 1 .
Performance of screening for early-PE, preterm-PE, and all-PE is given in Table 2 . Receiver-operating characteristics curves for the performance of screening for early-PE, preterm-PE, and all-PE in the 3 data sets and their combination by the triple test are shown in Figures 1, Supplemental Figure 1 , Supplemental Figure 2 and Supplemental Figure 3 . Calibration plots of the predictive performance of the competing risks model for early-PE, preterm-PE, and Receiver-operating characteristic plots of screening for early-PE, preterm-PE, and all-PE by the triple test in the training set (green line), SQS (blue line), SPREE (red line), and the combination of the 3 data sets (gray line).
PE, preeclampsia; SPREE, Superior Province Rifting EarthScope Experiment; SQS, screening quality study. The AUROC curve and DR at SPR of 10% of early-PE, preterm-PE, and all-PE in the 2 testing data sets were very similar to that in the training set. In the prediction of early-PE, preterm-PE, and all-PE by the triple test, the AUROC curve was >0.95, >0.90, and >0.80, respectively, demonstrating a very high discrimination between affected and unaffected pregnancies. Similarly, the calibration slopes were very close to 1.0, demonstrating a good agreement between the predicted risks and observed incidence of PE.
In the prediction of early-PE and preterm-PE, the observed incidence in the training and SQS data sets was consistent with the predicted one, but for SPREE the incidence was higher than predicted; this is likely to be due to better ascertainment of outcome in SPREE. The incidence of all-PE was lower than predicted in all 3 data sets (Supplemental Figure 5 ). After adjustment for the effect of censoring because of births from causes other than PE, the incidence was consistent with the predicted one (Supplemental Figure 6) .
Comment
Main findings of the study
This study on the predictive performance of the competing risks model for PE demonstrate that the results from 2 validation data sets, derived from prospectively collected data from multicenter studies, are consistent with those of the training set used for the development of the model.
The triple test provided very high discrimination between affected and unaffected pregnancies for early-PE and preterm-PE in each of the 3 data sets with values for the AUROC curve of >0.95 and >0.90, respectively, and DR at 10% SPR of about 90% and 75%, respectively. The performance of screening at 11e13 weeks for term-PE is poor 13 and because about 70% of all cases of PE occur at term, the AUROC curve for all-PE and the DR at 10% SPR were about 0.8 and 50%, respectively.
There are 2 main reasons for poor discrimination for term-PE from screening at 11e13 weeks. First, in pregnancies with PE the deviation from normal in MAP, UtA-PI, and PLGF multiple of the median decreases with increasing gestational age, and especially for UtA-PI, there is little discrimination between term-PE and unaffected pregnancies. 13 Second, at term many pregnancies deliver for reasons other than PE. Therefore, pregnancies considered to be at high risk for PE that deliver for other reasons are counted as false positives, even though many would have developed PE if the pregnancy had continued. More effective screening for term-PE by the competing risks model can be provided at 35e37 weeks' gestation using a combination of maternal factors, MAP, PLGF, and serum soluble fms-like tyrosine kinase-1.
24,25
Calibration refers to how well the predictions from the model agree with the observed outcomes. Deviations between the predicted and observed outcome do not only reflect on the accuracy of a given model but could also be the consequence of differences between the studies used for development of the model and those used for validation in terms of first, methodology, and accuracy of recording maternal characteristics and medical history and the measurement of biomarkers and second, definition and ascertainment of the outcome measure. Calibration plots for screening using the competing risk model for prediction of preterm-PE by the triple test in the 3 data sets. The diagonal gray line is the line of perfect agreement. The overall mean risk is shown by the vertical interrupted line and the overall incidence by the horizontal interrupted line. The histograms show the distribution of risks in pregnancies with preterm-PE (red) and those without preterm-PE (gray). In all 3 data sets there was prospective collection of data on maternal factors and biomarkers using a standardized protocol, the same definition of PE was used and the approach to ascertainment of outcome was similar. The results of the study demonstrate that in both the training and validation data sets calibration of risks for PE were generally good with the calibration slope very close to 1.0.
In SPREE there was a tendency for the risks to underestimate the incidence of early-PE and preterm-PE. A possible explanation for this finding is that in the training set, there was general screening for many pregnancy complications, the data were collected over many years, and many doctors were involved in the ascertainment of outcome. In contrast, SQS and SPREE were specifically designed for prediction of PE, recruitment was completed within a few months, and only 1 doctor was overall responsible for ascertainment of outcome. Indeed, the ascertainment is SPREE is likely to have been higher than in SQS because the latter focused more on the quality assurance of the biomarkers rather than the performance of the screening.
In all 3 data sets, the observed incidence of all-PE was lower than the predicted one. The likely explanation for this finding is the same as for the poorer performance of the competing risks model for term-PE because many pregnancies with estimated high risk for PE would deliver earlier than the expected event for reasons other than PE.
After adjustment for the effect of censoring because of births from causes other than PE, the observed incidence in the training set and SQS was closer to the predicted one, but in the case of SPREE, the observed incidence became higher than the predicted one; this finding could be a reflection of the higher ascertainment of cases of PE in SPREE.
Strengths and limitations
The strengths of this study include the following: first, use of a large data set of prospectively collected data on maternal factors and biomarkers to develop the model; second, prospective evaluation of discrimination and calibration of the prespecified model in 2 independent multicenter studies, 4, 12 which were overseen by an independent clinical trials unit; and third, assessment of calibration allowing for the effect of censoring because of births from causes other than PE. The combined data from the studies are now being used to refine the competing risk model.
The results of the study have confirmed the accuracy of the competing risks model. However, application of the model in clinical practice necessitates the appropriate infrastructure for accurate recording of maternal characteristics and medical history, appropriate training of personnel undertaking the measurement of biomarkers and regular audit of their results, standardization of biomarkers that may vary in different populations and with different assays, use of the same outcome measures, and good ascertainment for such outcome.
Results of previous studies
A previous study examined our competing risks model in 541 nulliparous women at 11e13 weeks' gestation and reported that the DR of preterm-PE and all-PE, at a false-positive rate (FPR) of 10%, was 80% and 40%, respectively. 26 The number of cases examined is very small but the results are consistent with our findings.
A prospective study in 3066 women evaluated a previously published firsttrimester algorithm for prediction of early-PE that was derived by logistic regression using maternal factors and biomarkers and reported that the DR, at 10% FPR, of early-PE was 92%, which was similar to the 95% reported in the original model. 27 Another prospective study evaluated previously published first-trimester algorithms for prediction of PE that were derived by logistic regression using maternal factors and biomarkers. 28 The validation data set consisted of between 871 and 2962 women, depending on the variables required in the published algorithms. The DR, at an FPR of 10%, in 6 algorithms for early-PE varied from 29% to 80%, and in 2 algorithms for late-PE (34 weeks), it was 18% and 53%.
Implications for clinical practice
NICE and the American College of Obstetricians and Gynecologists recommend screening for PE by maternal factors and treatment of the screenpositive group with aspirin at a daily dose of 75 mg and 81 mg, respectively. 1, 2 However, recent evidence suggests such an approach to the prediction and prevention of PE is likely to be ineffective because the performance of the screening method is poor and the recommended dose of aspirin is inadequate.
As demonstrated by this study, the competing risks model using the triple test can predict about 90% of early-PE and 75% of preterm-PE at an SPR of 10%; at the same SPR, the DR achieved by the methods recommended by NICE and the American College of Obstetricians and Gynecologists is half as much. 4 Treatment of the group identified by the competing risks model as being at high risk for preterm-PE with aspirin (150 mg/d from 11e14 weeks' gestation to 36 weeks) reduces the rate of preterm-PE by about 60%, early-PE by about 80%, and very early-PE by about 90%, but there is little evidence of a reduction in incidence of PE with delivery at term. 15 Screening and the prevention of PE is also associated with a reduction in the length of stay in the neonatal intensive care unit by about 70% because about 85% of such a length of stay is due to births at <32 weeks, which are substantially reduced. 29 A secondary analysis of the ASPRE trial demonstrated that the beneficial effect of aspirin depends on adherence and the reduction in incidence of preterm-PE may be about 75% in those with adherence of 90% and only 40% in those with adherence of <90%.
30
A subgroup analysis of the ASPRE trial demonstrated that there was no evidence ajog.org OBSTETRICS Original Research of heterogeneity in the beneficial effect of aspirin in reducing the incidence of preterm-PE in subgroups defined according to maternal age, body mass index, racial origin, method of conception, smoking, family history of PE, obstetrical history, and history of preexisting medical conditions, except for chronic hypertension; in chronic hypertension prophylactic use of aspirin may not be useful in the prevention of preterm-PE. 31 Meta-analyses of trials on the use of aspirin in women at high risk for PE have reported that first, use of aspirin at a daily dose of <100 mg or onset at >16 weeks' gestation did not prevent PE, second, aspirin at 100 mg/d started at <16 weeks reduced the risk of preterm-PE by 67% but has no significant effect on the incidence of term-PE, and third, aspirin at 100 mg/d started at >16 weeks may increase the risk of placental abruption and antepartum hemorrhage.
32,33
Conclusion
The competing risks model provides an effective and reproducible method for first-trimester prediction of preterm-PE, provided the various components of screening are carried out by appropriately trained and audited practitioners. Early prediction of preterm-PE is beneficial because treatment of the high-risk group with aspirin at a daily dose of 100 mg is highly effective in the prevention of the disease. 
SUPPLEMENTAL FIGURE 4
Calibration plots for early-PE for screening using the triple test Calibration plots for screening using the competing risk model for prediction of early-PE by the triple test in the 3 data sets. The diagonal gray line is the line of perfect agreement. The overall mean risk is shown by the vertical interrupted line and the overall incidence by the horizontal interrupted line. The histograms show the distribution of risks in pregnancies with preterm-PE (red) and those without preterm-PE (gray). Calibration plots for all-PE for screening using the triple test Calibration plots for screening using the competing risk model for prediction of all-PE by the triple test in the 3 data sets. The diagonal gray line is the line of perfect agreement. The overall mean risk is shown by the vertical interrupted line and the overall incidence by the horizontal interrupted line. The histograms show the distribution of risks in pregnancies with preterm-PE (red) and those without preterm-PE (gray).
PE, preeclampsia.
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SUPPLEMENTAL FIGURE 6
Calibration plots for all-PE for screening using the triple test adjusted for censoring 
